Cs sources used for dosimeter calibration and performance testing is crucial for accurate and precise knowledge of air kerma rate and delivered dose. A 269 GBq
INTRODUCTION
FOR CALIBRATION and performance testing of dosimetry, 137 Cs sources are commonly used. Thousands of radiationmeasuring instruments and millions of dosimeters are traceable to the spectrum of 137 Cs. Therefore, it is very important that the behavior of these sources, as well as how the facility housing these sources impacts the quality of calibrations and testing, are well understood. The design, construction, accuracy, and precision of facilities have been previously documented (Studenski et al. 2007; Parker et al. 2011) , and information on temporal variability of the accuracy and precision in calibration facilities is available (Boria et al. 2017) . However, practical tutorials on characterizing dosimetry irradiation facilities are lacking in the literature. The 137 Cs dosimetry calibration source used for research at the University of Michigan was relocated to a new facility. The irradiation position was chosen to be closer than in the previous facility, thus it was expected that there could be larger variations in dose within the irradiation surface due to the increased variation in the distance r for each point on the phantom. In addition, the small size of the room may cause a significant increase in measured scatter from the walls. These factors suggested that characterization was necessary to gain a greater understanding of any effects that would influence measurements in the new facility.
To characterize sources, various techniques of measuring radiation can be utilized. Previous studies have used film (Murphy et al. 1991; Fernandes et al. 2004; Brady et al. 2009; Parker et al. 2011; Boria et al. 2017) , thermoluminescent dosimeters (Brady et al. 2009 ), or ion chambers (Murphy et al. 1991; Fernandes et al. 2004; Minniti and Seltzer 2006; Studenski et al. 2007; Brady et al. 2009; Boria et al. 2017) . This work used a combination of measurements from a transfer standard ion chamber and optically stimulated luminescent dosimeters (OSLDs). To gain knowledge of the specific change in behavior within the new facility, experiments were performed to analyze the dose distribution across the entire dosimetry phantom, check for any irregularities in inverse square law (1/r 2 ) behavior at varied distances from the source, characterize the backscatter and room return contributions, and analyze the effects of the rectangular shape of the beam collimator on the variation in dose vertically and horizontally along the dosimetry phantom. These experiments are outlined in detail to serve as a tutorial for how to properly characterize a source more thoroughly than is traditionally done.
MATERIALS AND METHODS

General setup
A 137 Cs beam irradiator initially installed in 1995 (Model 28-8A Irradiator, J.L. Shepherd and Associates, San Fernando, CA, U.S.) was relocated to a new facility, shown in Fig. 1a and 1b, with a comparatively small footprint of approximately 2.8 m Â 3.6 m and a 3.4 m high ceiling. To account for the diminished activity of the source since its initial installation (from 444 GBq to 269 GBq), the facility was set up in such a way that the phantom used for dosimetry calibrations could be positioned at 1.00 m from the source, 50 cm closer to the source than in the previous facility. Historically, the facility had housed a 60 Co source. The pool used previously is enclosed and protrudes from the ground slightly, by an average of about 12 cm. The floor of the facility itself is not level. The steel plate used to cover the pool previously installed for the 60 Co source, as shown in Fig. 1a , is level and was used as a reference for all measurements of table height for the purposes of this paper.
A 40 cm Â 40 cm Â 5 cm polymethyl methacrylate (PMMA) phantom slab is referred to as the characterization phantom since it is easily positioned and removed for measurements where backscatter is not desired. The phantom was permanently marked in the center and at six points in a circle with a 9 cm radius (referred to as the isodose ring) around the center point on both faces of the phantom, as shown in Fig. 2 . A distance equal to one-half the width of the source housing was permanently marked on the phantom from the left and right of its center point. On either side of these measured points were two small rectangles the size of the ends of the meter sticks, also seen in Fig. 2 .
A second PMMA phantom measuring 40 cm Â 40 cm Â 15 cm (referred to as the dosimetry phantom) was used to ensure proper scattering effects of a neutronequivalent phantom in the remaining experiments and was marked in an identical manner. The phantom has a dosimeter plate that can be attached to the front surface to hold dosimeters in fixed positions. Markings were placed on both faces of the phantom to allow for use of the marking as crosshairs when positioning the ion chamber. This phantom was previously designed to meet requirements for personnel dosimetry testing outlined by the American National Standards Institute (ANSI), the U.S. Department of Energy, and the Canadian Nuclear Safety Commission (Parker et al. 2011) . The phantom was placed on a 60.1 cm Â 60.1 cm table at a height of 78.1 cm from the circular plate the table was secured to. The phantom was positioned so that by lining up the ends of the meter sticks with the rectangular markings on the phantom and two lines drawn on either side of the source chamber at the center, the distance from the front face of the phantom to the source measured exactly 1.00 m. This distance agrees with ANSI/HPS N13.11, which states "the irradiation distance between the center of the irradiation sources and the center of the phantom front face shall be... not less than 1 m for all photon sources except 241 Am, which shall be not less than 0.5 m" (ANSI/HPS 2015) . This process can be seen in Fig. 3a . Measurements were then taken from the center of the beam port window to either edge of the phantom, as shown in Fig. 3b . Two lines were drawn on the table along the front and side of the phantom to ensure rapid repositioning between measurements. The phantom was moved exactly 3 cm farther from the source, and two more lines were drawn on the table along the front and side of the phantom. These lines enabled rapid positioning of the phantom in a manner that allowed the phantom markings to be used for positioning of the ion chamber so that the center of the ion chamber would be along the plane used for OSLD or thermoluminescent dosimeter (TLD) irradiations in future experiments.
General measurement procedure
For each measurement, a National Institute of Standards and Technology (NIST) traceable ion chamber, described below, was used in conjunction with an electrometer (Electrometer Model 6517A, Serial #1073107; Keithley Instruments, Inc., Cleveland, OH, U.S.). The ion chamber was connected to the electrometer and secured to a microphone stand with the white dot marking the front of the chamber (applied during calibration) facing the vertical plane of the source to ensure consistency in alignment of the collecting volume during measurements. The electrometer was set to apply voltage across the ion chamber for approximately 30 min to minimize excess leakage. This same general procedure was performed for each measurement performed throughout all experiments. For 15 different irradiation times ranging from 0.01 min to 10 min, the charge collected by the ion chamber was first measured three times without the source raised. The average of these measurements was defined as the Fig. 2 . This picture shows the markings drawn on the phantom used for alignment of the ion chamber for the circle experiment and for consistent placement of the measuring stick for determination of the distance from the front face of the phantom to the center of the source housing. Fig. 3 . Photographs of the process for initial and continued phantom alignment showing (a) measurement of horizontal difference between center of source to phantom surface by aligning a measuring stick with the markings on the front face of the phantom with the markings placed at the center of the source housing and (b) horizontal validation measurement from center of source window to edge of phantom surface. David J. Trimas pictured. leakage. The source was then raised, and the charge collected for the selected irradiation time was recorded. This procedure was repeated two additional times. The average leakage was subtracted from the average of these three measurements to give a corrected charge collection rate. This procedure was referred to as the general measurement throughout the experiments.
Calibration of secondary ion chamber and circle experiment
To start, a NIST-calibrated, spherical, air-filled ion chamber (Exradin Spherical Ionization Chamber, Ref 92724 Model A5, Serial #XY051602; Standard Imaging, Inc., Middleton, WI, U.S.) with a collecting volume of 3.6 cm 3 was used to calibrate a secondary ion chamber (Exradin Spherical Ionization Chamber, Ref 92724 Model A5, Serial #160; Standard Imaging, Inc.) for use in the experiments involved in this characterization. Using the lines drawn on the table after careful measurements, the characterization phantom was positioned 1.03 m away from the source. The ion chamber was positioned so that the center of the collecting volume was aligned with the marking at position 1 located at the center of the phantom and exactly 1.00 m from the source by touching the edge of the ion chamber that faced away from the source to the front face of the phantom. The phantom was then removed from the table, seen in Fig. 4a , by tilting the phantom backwards and carefully lifting the phantom, as shown in Fig. 4b . A general 1 min measurement was taken. The phantom was then replaced, the ion chamber was moved to be aligned with position 2 on the phantom (as seen in Fig. 2) , and a second general 1 min measurement was taken. This process was repeated for each point around the phantom and then again at the center position to check for measurement drift throughout the time of the experiment. This procedure of taking measurements around the isodose ring and twice in the center is referred to as the circle experiment.
The circle experiment was then repeated with the A5-160 ion chamber and repeated two additional times with each ion chamber. A calibration coefficient for the secondary ion chamber was then calculated by comparison of these measurements.
Alignment of phantom
To get a basis for the location of the phantom relative to the center of the irradiation beam, the circle experiment measurements were taken without a phantom in place 10 times over the course of 4 d. The average measurements at each point, seen in Table 1a , suggested that the center of the phantom was positioned slightly above and to the right of the center of the beam.
The table was lowered so that the top of the table and bottom of the phantom were 76.1 cm from the circular plate seen in Fig. 1a . Measurements were taken at the center of the phantom and at the top and bottom points of the isodose ring (positions 1, 2, and 5). This shortened version of the circle experiment showed that the phantom had been repositioned below the center of the beam. The phantom was raised to 78.1 cm from the plate, and the same three measurements were repeated. These measurements suggested that the phantom was vertically centered, and measurements were repeated at positions 2 and 5 two additional times to confirm their consistency. A similarly shortened version of the circle experiment was performed to adjust the horizontal positioning of the phantom. The phantom was moved 2 cm to the left of its initial position and rotated slightly so that the measurements taken with meter sticks placed on the phantom and at the side of the source chamber were at 100 cm exactly. Measurements were taken at positions 1, 3, 4, 6, and 7 (Fig. 2) . After comparison of the measurements, the phantom was moved 4 cm to the left of its initial position in the same manner, and after further measurements the phantom was positioned 3 cm to the left of its initial position.
To ensure this phantom was in the center of the beam and to observe the overall behavior of the beam, the general circle experiment described in the secondary ion chamber calibration procedure was repeated five times over five separate days. The circle experiment was repeated once a week throughout the characterization experiments to ensure proper function of the beam and placement of the irradiation phantom. Once the positioning of the phantom was established, a system of two brackets was established to simplify repositioning of both phantoms throughout future experiments. One metal L-shaped bracket was placed along the left side of the phantom to ensure horizontal alignment for all future experiments. A second metal bracket was set up in such a way that it could be quickly secured at four different positions for proper alignment of each phantom for ion chamber measurements and OSLD irradiations, as can be seen in Fig. 4a .
Inverse square behavior
To analyze the 1/r 2 behavior of the irradiator, measurements were taken at various distances from the source along the centerline of the phantom. In order to measure along the centerline of the beam, a lab jack, a 2 m measuring stick, and a level were employed. The lab jack was placed in front of the characterization phantom and raised to the level of the center of the phantom. A line was drawn on the table 3 cm to the left of the center of the phantom and parallel to the center of the photon beam, as seen in Fig. 5a . The measuring stick was placed across the lab jack and along this line, and with the aid of the level was used to measure a distance of 1.5 m from the source. The center of the side of the ion chamber was positioned at this point on the measuring stick in order to place the center of the chamber along the center of the beam, as shown in Fig. 5b . Measurements taken closer to the source involved a similar process. Once again, a measuring stick was positioned 3 cm to the left of the beam with the aid of the characterization phantom and a level. The center of the side of the ion chamber was once again positioned at the distance desired along the measuring stick, as shown in Fig. 5c . At each position, a general 1 min measurement was taken. A 1/r 2 fit was applied to the resulting exposure rate using a commercially available mathematics software package (MATLAB R2017a; MathWorks, Natick, MA, U.S.; http://www.mathworks.com/).
Consistency of dose rate
To test that it is reasonable to assume that exposure rate is constant, the collected charge was measured at the center point of the phantom at different time intervals ranging from 0.25 to 10 min. A linear fit was applied to the collected charge measurements as a function of the time of charge collection to show that this is an acceptable assumption. To establish that the time required to lift the source had negligible effects on smaller dose applications, further measurements were taken for time intervals between 1 min and the shortest irradiation time allowable by the source's built-in timer, 0.01 min.
Shape of beam
The collimator of the beam is rectangular, rather than square. To accurately assess the beam profile, general 1 min measurements were taken at 5 cm intervals at positions above the center and to the right of the center of the PMMA phantom. The relationship between the distance from the center of the phantom and the charge collected was plotted. Additional measurements were taken near the points at which the measurements started to drop off. From this, an approximate beam angle was calculated for each direction.
Backscatter and room return
To quantify the effects of scatter from the walls of the facility and from the PMMA phantom used in dosimetry calculations, four different measurements were taken and compared. In the first measurement, the ion chamber was placed at position 1 on the characterization phantom, so that its centerline was 100 cm from the source. The phantom was removed, and the standard measurement was taken. This measurement includes the exposure due to the radiation directly from the source (primary) and the radiation scattered from the walls of the facility (room return). Next, the dosimetry phantom was placed 1.03 m from the source using the brackets previously placed in the positioning experiment as a guide. The ion chamber was placed at position 1, and the standard measurement was repeated. This measurement includes the primary radiation from the source (primary) and the radiation scattered from the dosimetry phantom (backscatter). For the third measurement, two bricks of lead shielding were placed in front of the ion chamber, which was once again placed in the center of the beam with its centerline 100 cm from the source. This measurement included only a fraction of the primary radiation after it was scattered from the wall behind the dosimetry table. For the final measurement, both the phantom and shielding were placed as before with the ion chamber at the center of the beam and 1.00 m from the source. This measurement included only the fraction of the primary source scattered off the phantom that was not shielded by the lead bricks. This final measurement provides a check for the previous three measurements. Fig. 6 shows this setup and shows the position of the phantom and bricks for all experiments just described.
Half-value layer determination
Measurements were taken at the center point with 0, 0.375, 0.387, 0.680, and 1.115 cm of lead taped over the beam window. The relationship between shielding and measured exposure rate was analyzed to determine the thickness of available lead shielding required to reduce exposure rate to half of its original value. 
Multipoint measurement grid
To approximate behavior at each point across the face of the dosimetry phantom, a 100-point grid was marked on the face of the neutron phantom, with each cell measuring 4 cm Â 4 cm, and a general 1 min measurement was taken with the ion chamber positioned at the center of each cell with the phantom in place to include the effects of backscatter. Due to the radius of the ion chamber, the bottom row of measurements was taken 3 cm from the bottom edge of the phantom rather than at the center point of the cells, 2 cm from the edge.
Nonuniformity measurements
To verify the uniformity of dose distribution within the 20 cm Â 20 cm region of the dosimetry phantom, 100 OSLD nanodots were employed. The 100 OSLD nanodots were annealed using a standard 150 W floodlight lamp with three 50 W blue light-emitting diodes (LEDs) for 1 h to clear out any residual signal in the nanodots, as demonstrated previously (Abraham et al. 2017) . The nanodots were then placed in an even 10 by 10 grid, with the 100 nanodots confined in a 20 cm Â 20 cm region in the center of the phantom. Each 2 mm thick OSLD was placed within a machined pocket between two thin PMMA plates such that each OSLD was positioned 4.4 ± 0.33 mm closer to the source than the front face of the phantom. The nanodots were then irradiated for a period of 20.18 min for an 8 mGy air kerma dose exposure. All 100 nanodots were then read out 30 times each over the span of 3 d, and an average of each set of 30 readings were recorded. The allowable error in measurement for a standard nanodot is ± 10 %.
RESULTS AND DISCUSSION
Calibration of secondary ion chamber
To solve for the calibration coefficient of the secondary ion chamber, the average exposure rate at each point was calculated from the collected charge using the following equation:
where C is the charge collected in units of coulombs (C), N is the calibration coefficient of the A5-XY chamber given in Gy C −1
, and the value of 113.895 is the fraction (in R Gy −1 ) given by NIST for 137 Cs gamma rays (Minniti et al. 2006) . Once the exposure rate was found, the equation was rearranged to solve for the calibration coefficient of the A5-160 ion chamber. This coefficient was found to be 3.1653 Gy C −1 .
Proper positioning/circle experiment
Measurements taken around the 9 cm isodose ring over a period of five separate days resulted in an average 1.65% standard deviation between measurements taken. From Table 1b , positions 2 and 5 have the highest standard deviation between measurement sets.
Due to the measured difference in the height compared to the width of the collimator, the variation seen in the upper and lower measurements can be accounted for by the increased edge effects in the vertical position of the circle experiment. These measurements were taken only 3 cm away from the vertical drop-off distance, while the horizontal measurements were taken more than 8 cm away from the average drop-off distance, causing a larger difference in vertical variation than horizontal. These same effects were recorded in a previously published paper (Boria et al. 2017 ) that suggested more frequent calibration of irradiation facilities.
Shape of beam/collimator
Using the linear fits seen in Fig. 7a and 7b, the horizontal drop-off distance was found to be 17 ± 1 cm to the right of the center of the phantom, and the vertical drop-off distance was found to be 11 ± 1 cm above the center of the phantom.
Timer linearity/source drop error
The relationship between dose applied and time of irradiation fit very well linearly with a coefficient of determination R 2 value of 0.9998, as seen in Fig. 8 . Additionally, when looking only at measurements taken for times less than 1 min, the R 2 value of the linear fit improved to 0.99999895. The R 2 value of the linear fit on the relationship between time of charge collection and charge collected is sufficiently close to 1 (perfect correlation) to validate the assumption that for any given irradiation time the dose rate at the face of the phantom will be constant. The improvement of the linear fit when analyzing only time intervals less than 1 min suggests that the time taken to lift the source and allow it to fall has negligible effects on the dose rate applied even at the shortest irradiation time allowed by the source. Thus, lifting of the source can be approximated as instantaneous.
Backscatter and room return
Based on the measurements taken, a system of equations was defined as follows:
where P is the primary dose rate we would expect without the effects of backscatter and room return, M 1 is the measurement taken without any shielding or backscatter, and RR is the contribution to the measured dose rate by radiation scattered from the walls:
where M 2 is the measurement taken with the shielding in place, x shield is the width of lead shielding, and x beam is the width of the beam:
where M 3 is the measurement taken with the phantom in place and S phantom is the contribution to the measured dose rate by the radiation scattered from the face of the phantom:
where M 4 is the measurement taken with both the phantom and the lead shielding in place.
Based on these equations, backscatter from the phantom accounted for 6.5% of the dose measured with the phantom in place. It is important to adjust for this difference in dose rate when estimating applied dose based on measurements taken without a phantom present.
With the small footprint of the new facility, it was expected that scattering within the facility would impact the dose rate at the face of the phantom. The impact, referred to as room return, proved negligible, as it varied between ± 0.5 % contribution to measured dose, suggesting that these fluctuations were mainly due to error and not from scatter in the room.
Half-value layer check
Based on the exponential fit seen in Fig. 9 , the thickness of available lead shielding necessary to reduce the exposure seen at the face of the phantom by one-half was found to be 0.597 cm.
Inverse square check
The 137 Cs source itself is not, in fact, a point source, so it was expected that there would be large irregularities in the expected 1/r 2 relationship of the dose rate close to the source. While looking to characterize these irregularities, it was found that it is rather reasonable to treat the irradiator as a point source. Measurements taken along the centerline of the beam fit the 1/r 2 relationship with an R 2 value of 0.9892 for measurements taken as close as 15 cm from the source, suggesting that no irregularities were present. 
Multipoint measurement grid
A 1/r 2 correction factor for distance at each measurement point was calculated (shown in Fig. 10a ) and used in the comparison of measurements taken. Within the isodose range, the standard deviation between all measurements was 3.25% and the standard deviation within sets of measurements taken at equivalent r 2 distances reached a maximum value of 5.4% at the outermost corners, as seen in Fig. 10b .
When the measurements were normalized based on the average dose rate of the center four measurements, it can be seen in Fig. 10c that within the irradiation area, noted by the thick black square, the maximum variation from centerline dose rate is 11%. Measurements closest to this square were at the very edge of this range, which may have contributed to the increased variation in this region. These values were then adjusted using the previously calculated 1/r 2 correction factors, shown in Fig. 10d . When the measurements were normalized based on the maximum centerline dose rate and adjusted to the dose rates that would be seen at equivalent r 2 distances, it can be seen by comparing Fig. 10c and 10d that the measurements taken within the irradiation range vary mainly based on the difference in r 2 , as expected.
Nonuniformity
The doses recorded in each region of the dosimeter plate were normalized to the average value of the four measurements in the center of the plate. These values were calculated using the sensitivities hard-coded into each dosimeter. Each measurement was then corrected for differences in r 2 distance due to the grid and the thickness of the plate behind the OSLDs. While the OSLD measurements differed by values up to 36% from the average measurements, it can be shown that there is no observed trend in the measured dose that would suggest that the phantom is not centered.
The lack of an observed trend in normalized measurements seen in Fig. 11 suggests that the 20 cm Â 20 cm irradiation area was centered well within the beam. On average, the 50 OSLDs on the left half of the grid deviated by 10.5% and the 50 on the right deviated by an average of 11.3%. Additionally, the 50 OSLDs on the top half of the grid deviated by 10.1%, and the 50 OSLDs on the bottom half deviated by an average of 11.6%.
Comparison of measurements
As can be seen in Fig. 12 , the drop-off distance in the vertical direction is much closer to the center of the phantom and the area of irradiation than in the horizontal direction. This causes more irregularities towards the top and bottom edges of the irradiation area due to the scattering from the top of the collimator, as observed in the circle experiment. This also validates the irregularities in the 100-point measurement grid experiment. Outside of these drop-off distances, mainly scattered radiation is being measured, which indicates that there were much larger variations in equidistant measurements not taken directly within the beam, with coefficients of variation as high as 24.5% between equidistant measurements at the outer edges. Additionally, the equidistant measurements taken on the outer edge of these drop-off ranges vary slightly more than other measurements taken directly within the beam, likely due to the radiation scattered off the lead collimator of the beam port. This can be seen in Fig. 10b . This validates the idea that even with corrections for r 2 distances it is not reasonable to use this region of the phantom for OSLD or TLD calibrations.
CONCLUSION
The characterization experiments performed on the relocated 137 Cs source allowed the dosimetry calibration phantom to be properly centered and helped quantify the effects of the new smaller room and closer irradiation distance. Backscattering from the dosimetry phantom was found to account for 6.5% of the measurement, which is significant and should be accounted for when estimating air kerma dose using measurements taken without the phantom in place. The expected increase in scatter from the smaller facility was not observed, as the measured charge collection due to room return was found to be within the error of the charge collection measurement. The expected variation in 1/r 2 measurements closer to the cylindrical 137 Cs source was also absent, suggesting that the irradiator can be treated as a point source as close as the window of the beam port allows measurements to be taken. The linearity of charge collected over various time intervals showed that the dose rate can be considered constant for any time interval allowable by the self-timer built into the irradiator. Given that the fit remained linear with the inclusion of measurements Fig. 10 . This figure shows the analysis of the 100-point grid experiment conducted with the ion chamber with (a) the factors used to normalize measurements based on relative r 2 distances, (b) the percent standard deviation between each set of measurements taken at equivalent r 2 distances, (c) the measurements taken at each point normalized to the average of the center four measurements, and (d) the measurements taken at each point normalized to the average of the center four measurements and corrected for r 2 distances using the normalization values in (a). taken at the shortest time intervals allowable down to 0.01 min, it can be assumed that the times required for the source to be raised into the on position and to fall back into its shielding are negligible relative to the practical time intervals used for measurements. The significant variation among equidistant measurements in the 100-point measurement grid taken more than 11 ± 1 cm above the center or 17 ± 1 cm to either side of the center, seen in Fig. 10b , showed that, even with proper 1/r 2 corrections, it is not reasonable to take measurements outside of the 20 cm Â 20 cm irradiation area chosen by Parker et al. (2007) . The beam was found to have a vertical width of 17 ± 1 cm and height of 11 ± 1 cm, meaning that measurements taken more than 11 ± 1 cm above or below the center or 17 ± 1 cm to either side of the center are not well within the beam and are expected to have great variation because most of the measurement will be due to scatter, as seen in Fig. 10b , c, and d.
The agreement of the inner grid measurements and the lack of pattern between the 100 OSLD measurements proved the accuracy of the circle experiment in confirming the location of the center of the beam. Due to this, it is highly recommended that the user perform the circle experiment at least once a week to ensure proper alignment and to check beam functionality, as it is a reasonably short experiment that gives an accurate assessment of both.
